Accelerated protein glycation in diabetes has been mechanistically linked to the pathogenesis of diabetic nephropathy. Because glycated albumin induces abnormalities in cultured mesangial cells that resemble those characterizing the glomerular mesangium in diabetes, and monoclonal antibodies (A717) specific for Amadori-modified glycated albumin prevent these abnormalities, we postulated that in vivo administration of A717 could retard the progression of diabetic nephropathy. To test this hypothesis, diabetic db/db mice and their nondiabetic db/m littermates were treated with eight consecutive weekly injections of 150 micrograms of A717 (Fab fragments) to reduce the elevated plasma glycated albumin concentration, or with irrelevant murine IgG (MIg). Relative to nondiabetics, diabetic mice (MIg treated) manifested proteinuria (3.35 +/-0.15 vs 0.87 +/-0.1 mg albumin/mg creatinine), 3.8-fold increase in mesangial matrix fraction, and renal cortical overexpression of mRNAs encoding alpha 1(IV) collagen (2.6-fold increase) and fibronectin (3.8-fold increase). Treatment of db/db mice with A717 significantly reduced the proteinuria (1.52 +/-0.3 mg/mg creatinine), inhibited mesangial matrix expansion, and attenuated overexpression of matrix mRNAs. The nephropathic protective effects of A717 were independent of any change in blood glucose concentrations. Antibodies unreactive with glycated albumin did not duplicate the beneficial effects of A717. Thus, abrogating the biologic effects of increased glycated albumin with A717 has a salutary influence on the pathogenesis of diabetic nephropathy and has novel therapeutic potential […] albumin/mg creatinine), 3.8-fold increase in mesangial matrix fraction, and renal cortical overexpression of mRNAs encoding al (IV) collagen (2.6-fold increase) and fibronectin (3.8-fold increase). Treatment of db/db mice with A717 significantly reduced the proteinuria (1.52±0.3 mg/mg creatinine), inhibited mesangial matrix expansion, and attenuated overexpression of matrix mRNAs. The nephropathic protective effects of A717 were independent of any change in blood glucose concentrations. Antibodies unreactive with glycated albumin did not duplicate the beneficial effects of A717. Thus, abrogating the biologic effects of increased glycated albumin with A717 has a salutary influence on the pathogenesis of diabetic nephropathy and has novel therapeutic potential in its management. (J. Clin. Invest. 1995Invest. . 95:2338Invest. -2345
Introduction
The direct relationship between hyperglycemia and increased nonenzymatic glycation, the condensation reaction between free glucose and reactive protein amino groups that is accelerated in diabetes (1) (2) (3) (4) (5) (6) (7) (8) (9) , has implicated excess protein glycation as a mechanistic link between hyperglycemia and the pathogenesis of diabetic nephropathy. This postulate has been strengthened with experimental evidence demonstrating that glycated serum proteins adversely affect renal glomerular capillary function, structure, and metabolism (10) (11) (12) (13) . In previous studies, we have shown that human sera containing diabetic concentrations of glycated albumin inhibit the replication of murine mesangial cells in culture and stimulate the production and gene expression of type IV collagen, the principal constituent of the expanded extracellular matrix observed in the diabetic renal glomerulus (14) (15) (16) (17) (18) . The glycated serum-induced effects on mesangial cell replication and collagen IV synthesis are duplicated by supplementation of culture media with purified glycated albumin, and they are prevented by monoclonal antibodies (A717) that specifically react with Amadori-modified albumin (14, 19, 20) . In light of these findings, we reasoned that, if the consequences of increased glycated albumin in diabetes on mesangial cell biology are similar in vivo, abrogating its influence by lowering plasma glycated albumin and/or neutralizing its biologic activity could have a salutary influence on the development of glomerular pathology in diabetes.
In initial experiments to test this hypothesis, we determined the feasibility of administering A717 monoclonal antibodies to diabetic animals (21) . We chose the db/db mouse as the experimental model because glomerular mesangial expansion resembling that found in human diabetes has been documented in this genetic model of diabetes (22) (23) (24) . The main purposes of this pilot study were to establish that A717 reacted with rodent glycated albumin, to determine a treatment regimen that could lower plasma glycated albumin, and to examine the effect of the regimen on proteinuria. We found that A717, a murine monoclonal antibody raised against Amadori-modified human albumin, recognizes glycated murine albumin. Plasma glycated albumin concentrations were elevated two-to threefold in db/ db mice compared with their nondiabetic db/m littermates, and they declined after A717 administration. Weekly injections of A717 (Fab fragments) for 7 wk to diabetic animals reduced urine protein excretion and appeared to attenuate mesangial prominence, assessed by visual inspection, relative to untreated diabetic controls (21) . These encouraging results prompted the present study, in which the effect of treatment with A717 on abnormalities in glomerular structure, function, and cell biology characteristic of diabetic renal disease were rigorously analyzed. The main purposes of the present study were to conduct detailed glomerular morphometric analysis and, through analysis of type IV collagen and fibronectin mRNA levels in the renal cortex, tion was also examined. Specifically, we show that the mRNAs encoding al (IV) collagen and fibronectin are significantly increased in the kidney cortex of dbldb mice, and that treatment with Fab fragments of A717 markedly attenuates this increase. Histomorphometric measurements demonstrate that A717 therapy also prevents the increase in glomerular mesangial matrix. Additionally, we show that albuminuria is reduced by A717 treatment and document the inability of antibodies unreactive with glycated albumin to duplicate the beneficial effects of A717.
Methods
Experimental animals. Diabetic dbldb mice and their nondiabetic dbl m littermates were each divided into two groups of six animals per group. One group in each set was treated with the A717 monoclonal antibody (mAb A717), and the other group received irrelevant murine IgG (MIg).' Antibody was administered intraperitoneally (150 /sg per mouse) every week for 8 consecutive wk, commencing when mice were 8-10 wk old. The db/db mice were designated diabetic by the vendor (Jackson ImmunoResearch Laboratories, Inc., Bar Harbor, ME) on the basis of appearance of obesity at -5 wk of age and were hyperglycemic when tested after arrival in our laboratory (mean blood glucose concentration 17.1±2.3 mM in db/db vs 4.5±0.45 mM in dblm). The antibody treatment regime was selected on the basis of previous experiments that showed that the elevated plasma glycated albumin concentrations in db/db mice were significantly reduced 48 h after intraperitoneal administration of 100 Ag of Fab fragments of the mAb A717 (21) , and also took into account stoichiometric relationships, the circulating halflife of albumin, and other studies using chronic administration of monoclonal antibodies (25) (26) (27) (28) (29) (30) (31) . Mouse plasma volume is -1.2 ml with an albumin concentration of 15 mg/ml, of which -2% (360 gg) is glycated in nondiabetic, normoglycemic animals. Glycated albumin is increased 1.5-2-fold in diabetes (7, 26, 27, 32) . On a stoichiometric basis, 150 ,g antibody Fab fragments (mol wt -50 kD) would neutralize -200 ,ug of glycated albumin (mol wt -66.5 kD). We hoped to augment efficacy with this dose, which was higher than that used in our previous study. Albumin has a circulating half-life of 3-5 d in the mouse, but glycation may slow clearance of plasma proteins, prompting the weekly injection schedule (28) (29) (30) (31) .
Antibody preparations. A717 monoclonal antibody was harvested from ascitic fluid of mice injected with the A717 cell line and purified by affinity chromatography on protein G. Fab fragments were prepared with papain digestion and separated from Fc fragments and undigested IgG with protein A affinity chromatography (21) . Retention of combining ability of the Fab fragment with the epitope in glycated albumin was documented by ELISA (7, 21) . Reactivity of A717, a murine monoclonal antibody of the IgGl class that selectively recognizes Amadori-modified albumin (7, 14, 19, 20) , with the epitope in rodent glycated albumin was documented as previously described (21, 32) . Antibody preparations were sterile filtered and administered intraperitoneally in buffered saline. Affinity-purified murine IgG, unreactive with glycated albumin or other circulating proteins, was subjected to the same procedure before injection.
Urine albumin assays. Urine albumin was determined in 24-h urine samples from each animal collected at the beginning and the conclusion of the study. Albumin Northern analysis. Northern blots of RNA extracted from renal cortex were hybridized with 32P-labeled cDNA encoding murine a I (IV) collagen, fibronectin, GAPDH, or 18S rRNA as previously described (14, 33) . The snap-frozen tissue was denatured in 4 M guanidinium thiocyanate, 25 mM sodium citrate, pH 7.0, 0.5% sarcosyl, and 0.1 M 2-mercaptoethanol. Total RNA (20 Mg from each animal) was electrophoresed on a 1.2% agarose gel, transferred onto nylon membranes, and ultraviolet wave cross-linked, and the membrane was hybridized with labeled cDNA inserts ([32P]deoxycytidine 5'triphosphate [3,000 Ci/ mmol; Amersham, Arlington Heights, IL]) using random priming (Amersham). After hybridization, blots were washed for 30 min in 2x SSC with 0.1% SDS at 620C, followed by two 15-min washes in 0.1 X SSC with 0.1% SDS at 620C. The membranes were then autoradiographed with intensifying screens at -70°C for up to 10 d. Blots were then stripped for 2 h at 62°C with 5 mM Tris, 0.2 mM EDTA (pH 8.0), and 5% sodium pyrophosphate, and subsequently rehybridized with cDNA fragment-encoding ribosomal 18S RNA to account for small variations in loading and transfer. Exposed films were scanned with a laser densitometer (Hoefer Scientific Instruments, San Francisco, CA), and collagen or fibronectin mRNA levels were calculated relative to those of 18S.
Glomerular histology and morphometry. A portion of the renal cortex was removed when the animals were killed at the end of the study, fixed in 10% neutral buffered formalin, and embedded in paraffin. Renal sections (3 pm thick) were stained with hematoxylin and eosin and periodic acid Schiff (PAS). For quantitation, sections were coded and read by an observer unaware of the experimental protocol applied. [10] [11] [12] [13] [14] [15] glomeruli were selected at random in PAS-stained sections from each animal in each experimental group. The extent of increase in mesangial matrix was determined by the presence of PAS-positive material in the mesangial region using a digital planimeter (Southern Microscope Instruments, Inc., Atlanta, GA) and factored by the glomerular tuft area.
Antibody appearance in renal cortex. To investigate whether circulating monoclonal antibody reached renal cortex, male BALB/c mice were killed 12, 24, and 48 h after intravenous injection of 200 jug A717 (Fab fragments). Renal cortex was rapidly dissected from medulla, rinsed with buffered salt solution, minced, washed several times, and snap frozen. The tissue was homogenized in alkaline buffer (100 mM NaCl, 25 mM imidazole, 1 mM EDTA, 50 mM diethylamine, pH 11.0) containing 0.05% NP40 to liberate antibody bound to glycated albumin in the parenchyma or vascular residuum. After 1 h, the homogenates were centrifuged at 3,000 g for 10 min; the supernatant was neutralized to pH 6.8 with 1 M acetic acid and clarified by centrifugation. Aliquots of the supernatant were analyzed for A717 monoclonal antibody by enzyme immunoassay, in which glycated albumin was immobilized onto microtiter wells (1 Mg/well), and enzyme-conjugated polyclonal antibody against mouse Fab fragments was used as developer. Sample or standard (Fab fragments of affinity-purified A717) were added to the wells in reaction buffer (100 mM NaCl, 25 mM imidazole, 1 mM EDTA, pH 6.8) and incubated for 1 h at room temperature. After washing and incubation for 1 h with the conjugated second antibody, color was developed with TM Blue substrate (Promega Corp., Madison, WI), the reaction was stopped with 1 M H2SO4, and absorbance in the wells was measured at 450 nm with an ELISA reader. 
Results
The db/db mouse is a model of genetic diabetes that exhibits hyperglycemia associated with obesity a few weeks after birth (Table I) . It develops glomerular mesangial expansion and histologic lesions resembling those found in human diabetes (21) (22) (23) (24) . Diabetic db/db mice used in the present study remained hyperglycemic throughout the experimental period, and their body weights were significantly greater than nondiabetic controls (Table I) . Kidney weights were also significantly greater in db/db compared with db/m mice (Table I ). Kidney to body weight ratios did not significantly differ between nondiabetic versus diabetic animals, given that the latter had greater body weights. Blood glucose concentration, body weight, and kidney weight were unaffected by monoclonal antibody therapy in diabetic or nondiabetic mice. Since A717 specifically recognizes glycated albumin and does not react with free glucose, it is not expected to influence blood glucose, metabolic status, or kidney cell enlargement directly due to hyperglycemia (33, 34) . Albumin excretion, the established parameter reflecting diabetic glomerular dysfunction (35) , was significantly increased in db/db compared with db/m mice at the start of the study (before injection). At the conclusion of the study, urine albumin, normalized in relation to urine creatinine to control for possible incomplete collection, remained significantly greater in db/db controls (MIg treated) compared with dblm controls, indicating that it was not influenced by treatment with IgG not reactive with glycated albumin (Fig. 1) . In contrast, treatment of dbldb mice with mAb A717 significantly lowered urine albumin (Fig. 1) , confirming the beneficial influence of A717 on this manifestation of renal dysfunction in diabetes. The salutary effect of A717 on albumin excretion cannot be attributed to an untoward influence to diminish glomerular filtration since the measured creatinine clearance was not significantly reduced in db/db mice that received A717 versus those that received murine IgG (not shown).
Northern blot analysis demonstrated increased levels of mRNA encoding the a l chain of type IV collagen in renal cortex from db/db mice receiving irrelevant IgG, compared with nondiabetic controls (Fig. 2 A) . Thus, diabetic dbldb mice manifest renal pathobiology with overexpression of renal Figure 1 . The prevention of albuminuria by mAb A717 treatment. Urine albumin excretion was measured in male dbldb mice and their nondiabetic dblm littermates that were treated with affinity-purified mAb A717 or irrelevant mouse IgG (MIg). Antibody treatment was initiated when mice were 9 wk old and maintained throughout the study (150 jig per mouse every week for 8 wk). At the conclusion of the study, urine albumin excretion in mAb A717-treated dbldb mice was significantly less (P < 0.05) than in dbldb mice receiving MIg. Results are expressed as mean±SEM; six animals per group. cortical collagen IV mRNA at age 16 wk. Increased kidney type IV collagen mRNA has been found in other rodent models of genetic and acquired diabetes (36) (37) (38) . Denistometric scanning of the exposed autoradiographs allowed calculation of type IV collagen mRNA levels in relation to 18S rRNA levels. Relative to nondiabetic controls, the renal type IV collagen: 18S rRNA ratio was 2.6-fold greater in the db/db control mice (Fig.  2 B) . Treatment with mAb A717 had no effect on type IV collagen gene expression in renal cortex of nondiabetic db/ m mice (Fig. 2) . In contrast, treatment with the mAb A717 significantly decreased the elevated type IV collagen gene expression observed in the dbldb mice; the renal type IV collagen:18S rRNA ratio in mAb A717-treated db/db mice did not differ from the ratio in nondiabetic db/m mice that received irrelevant IgG or A717 monoclonal antibody (Fig. 2) .
The diabetic dbldb mouse also manifests overexpression of renal cortical fibronectin mRNA at age 16 wk (Fig. 3 A) . Relative to nondiabetic controls, the renal fibronectin: 18S rRNA ratio was 3.8-fold greater in the db/db control mice (Fig. 3  B) . Treatment with mAb A717 had no effect on fibronectin gene expression in renal cortex of nondiabetic db/m mice (Fig.  3) . In contrast, treatment with the mAb A717 significantly decreased the elevated fibronectin gene expression observed in the dbldb mice by nearly 50%. It when the mice were killed at the conclusion of the study showed diffuse mesangial expansion, with increased mesangial matrix encroaching the normal capillary network (Fig. 4 B vs 4 A) .
Glomeruli from db/db mice treated with mAb A717 were visibly different and exhibited appreciably less mesangial expansion (Fig. 4 C) . This difference was quantitated by glomerular morphometry, determining on a grid the cross-sectional glomerular surface area and the mesangial matrix area. The fraction of total glomerular tuft cross-sectional area occupied by mesangial matrix was 0.0328±0.0026 in nondiabetic MIg-treated dblm mice, 0.0235±0.0015 in A717-treated dblm mice, 0.1239±0.010 in db/db MIg controls, and 0.0722±0.0056 in db/db mice treated with mAb A717. There was a 3.8-fold increase in the mesangial matrix fraction in db/db controls relative to db/m mice; treatment with A717 monoclonal antibody reduced the mesangial matrix fraction to 58% of that in the MIg-treated db/db controls (Fig. 4 D) .
Monoclonal antibody A717 was measurable in renal cortex 12 h after intravenous injection of 200 jzg and remained detectable for at least 48 h after injection ( (14) . These findings are relevant to the in vivo situation, in which there are periods of normoglycemia and hyperglycemia, and suggest that the deleterious effects of glycated albumin on mesangial cell biology pertain regardless of glycemic fluctuations but are accentuated with hyperglycemic excursions.
The present experiments confirm that increased glycated albumin in diabetes is a potent stimulus in vivo of renal type IV collagen and fibronectin gene expression, and they establish excess circulating glycated albumin as a target for therapeutic intervention in diabetic nephropathy. Elevated plasma glycated albumin concentrations in db/db mice were significantly decreased when assayed 48 h after A717 administration (21) Diabetic nephropathy is the single largest cause of end-stage renal disease in the Western Hemisphere and develops in 20-40% of patients with insulin-dependent diabetes and in many with non-insulin-dependent diabetes (46) (47) (48) (49) . Effective medical therapy to halt the inexorable progression of renal disease due to diabetes, once the process is initiated, has been elusive. The results of the Diabetes Control and Complications Trial have established that intensive regimens for blood glucose control can lower the risk for diabetic nephropathy and retinopathy (50) . However, it is widely appreciated that implementation and maintenance of such regimens is difficult and may be risky, and that good control is not achieved in the majority of diabetic patients. For this reason, considerable effort has been directed at identifying intervention strategies that abrogate the deleterious effects of factors that act in concert with or independent of glycemic status in the pathogenesis of diabetic nephropathy. Use of angiotensin-converting enzyme inhibitors is one such strategy that has proved efficacious in arresting the decline in renal function, presumably on the basis of interruption of deleterious hemodynamic influences (51) . Other potential points of intervention include inhibition of the polyol pathway and prevention of advanced glycation end product cross-link formation (8, 52, 53 ). The present findings provide direct evidence that blocking the biologic effects of excess Amadori-glycated albumin in diabetes has a salutary influence on the development of diabetic nephropathy and suggest a new approach for the treatment of this morbid complication of diabetes.
